Background {#Sec1}
==========

Apple (*Malus domestica*) fruit development involves a series of biochemical events determinant for qualitative traits, such as appearance, flavour and texture \[[@CR1]\]. Fruit growth involves cell divisions and cell expansion resulting from a dynamic interplay between cell turgor pressure, cell wall biosynthesis and remodelling \[[@CR2]\]. Apple ripening involves starch conversion to simple sugars, skin colour changes, ethylene production, a respiration burst and flesh softening \[[@CR3]\]. Reduction in tissue firmness combines a decrease in cell turgor pressure as well as cell wall polysaccharide remodelling and metabolism \[[@CR4]--[@CR6]\].

Cell walls largely contribute to fruit textural characteristics. In apple, like other fleshy fruit, they are made of pectin, hemicellulose and cellulose, together with some structural proteins \[[@CR6]\]. Apple cell wall polysaccharide composition and structure varies with genetics, developmental stages and growth conditions \[[@CR7], [@CR8]\]. The relative content of the major cell wall sugars represented by galacturonic acid attributed to pectin, and glucose from cellulose and hemicelluloses increase during apple ripening \[[@CR9], [@CR10]\]. Galactose and arabinose content decreases during fruit expansion and further declines during ripening \[[@CR10]--[@CR13]\]. This is due in part to β-galactosidases and α-arabinofuranosidases degradation of the galactan and arabinan side chains of the pectic rhamnogalacturonan I (RGI) \[[@CR6], [@CR14], [@CR15]\]. Methyl ester substitutions of the homogalacturonan structural domain of pectins (HG) are partly removed by the action of pectin methylesterases (PME) during apple development \[[@CR16], [@CR17]\].

This metabolism of pectin increases cell wall porosity, decreases cell adhesion and affects fruit texture \[[@CR6], [@CR18]\]. The loss of RGI galactan and arabinan side chains was associated with softening \[[@CR12]\], whereas high content of galactan side chains was associated with firmness \[[@CR19]\]. A high arabinofuranosidase activity related to *MdAF3* gene expression was reported in mealy apples \[[@CR15]\]. Pectin HG structure and its methyl esterification are also important for apple texture. Down regulation of the *MdPG1* gene coding a polygalacturonase maintains fruit firmness during ripening \[[@CR20]\]. In contrast local action of PME (MdPME2) was associated with mealiness development \[[@CR21]\].

Unlike pectin, the overall apple hemicellulose composition and molecular weight are not significantly affected during fruit development and ripening \[[@CR22]\]. However, their structure and interactions with cellulose are likely remodelled, as observed in the changes of activities and gene expression levels of endo-1,4-β-D-glucanase, xyloglucan endotransglycosylase/hydrolase (XTH) and expansin which are involved in cutting, cutting and pasting and breaking hydrogen bonds between xyloglucan and cellulose \[[@CR14], [@CR17], [@CR23]--[@CR27]\].

In addition to cell wall chemistry and macromolecular interactions, apple texture elaboration involves other complex mechanisms related to tissue organization \[[@CR28]--[@CR31]\] and cellular water partition \[[@CR8], [@CR20], [@CR29], [@CR32]\].

As the whole fruit development is involved in texture elaboration \[[@CR30]\], we investigated the parallel evolutions of cell wall chemical composition and structure with that of cell wall related gene expression during fruit development and cold storage. The transcriptomic analysis focused on genes annotated for cell wall polysaccharide biosynthesis, remodelling and degrading proteins as well as for structural proteins. Because turgor pressure is involved in fruit development and texture, genes annotated for transporters were also analysed. Gene expression results and correlation analyses between biochemical and transcriptomic profiles highlighted new candidate genes and provided new insights into possible coordinated activities involved in cell wall biosynthesis and metabolism during apple development and storage.

Results {#Sec2}
=======

Cell wall characterization {#Sec3}
--------------------------

The global sugar composition of cell wall prepared as an alcohol insoluble material (AIM) was analysed at each developmental and storage stage (Table [1](#Tab1){ref-type="table"}). As expected, apple fruits accumulated starch during the developmental phases reaching 47.1 % of the AIM dry weight at 110DAF. Starch content decreased at harvest and during the cold storage period. The cell wall polysaccharides after deduction of starch glucose content in AIM sugars (non-starch polysaccharides, NSP) were mainly glucose, uronic acids (UA), arabinose and galactose in decreasing order of proportion. The total amount of these 4 main sugars reached 85 to 88 % of NSP depending on developmental and storage stages. Galactose content decreased constantly from 18.7 to 7.2 % of NSP while uronic acids content increased slightly from 22.4 to 29 % of NSP when fruits reached late development stages. Smaller amounts of xylose, mannose, and traces of rhamnose and fucose were also detected. Xylose and fucose contents increased slightly at ripening stages while mannose contents decreased. Acetyl ester content also decreased during the ripening stages from 1.5 % at 60DAF to 1.2 % of NSP at 2 M. In contrast, methyl ester content did not show any significant change.Table 1Chemical composition of fruit cell wallSampleStarchNSPSugarAcetyl esterMethyl esterDMRhaFucAraXylManGalGlcUA\*\*\*\*\*\*\*\*60DAF18.0±2.769.2±4.01.3±0.10.8±0.116.7±1.64.8±0.44.4±0.418.7±1.631.0±5.422.4±1.31.5±0.12.8±0.369.2±17.5110DAF47.1±2.251.5±2.41.3±0.10.8±0.113.6±1.35.2±0.43.8±0.317.2±1.734.1±5.623.9±1.71.8±0.33.1±0.270.7±10.4H13.4±2.482.3±3.31.4±0.11.2±0.114.6±0.96.9±0.43.3±0.211.3±0.835.3±3.926.1±1.71.4±0.12.8±0.459.4±16.61 M3.8±0.987.4±1.91.3±0.01.2±0.014.7±0.37.2±0.23.3±0.18.8±0.735.7±1.127.8±0.71.3±0.13.4±0.167.0±4.82 M1.3±0.890.2±1.81.2±0.01.2±0.014.9±0.27.6±0.23.1±0.17.2±0.435.8±0.729.0±0.71.2±0.02.7±0.252.2±8.2Analyses were carried out at 5 time points (60 and 110DAF, H: harvest, 1 M and 2 M: i.e.,1 and 2 months of cold storage). Starch and non-starch polysaccharides (NSP) are expressed as a percentage of AIM dry weight (alcohol insoluble material). Sugars, acetyl and methyl ester contents are expressed as a percentage of NSP. DM: degree of methyesterification. \*: significant differences between 60 DAF and 2 M with *p* \< 0.0001

Determination of hemicellulose fine structure {#Sec4}
---------------------------------------------

A structural profiling approach by enzymatic digestion coupled with MALDI-TOF MS analysis of the degradation products was used to follow modifications of hemicellulose fine structure. As apple hemicelluloses include xyloglucan (XyG), galactoclucomannan (GgM) and glucuronoarabinoxylan (GAX) \[[@CR33]--[@CR35]\], mannanase, xylanase and glucanase degradations were done sequentially. The order of the enzymatic treatments was chosen to maximise oligosaccharides release.

To facilitate enzymatic treatments, AIM was first washed with water (water soluble fraction, WS, Table [2](#Tab2){ref-type="table"}) and then partially depectinated by pectin lyase and rhamnogalacturonase (pectinase-soluble fraction, PS). Uronic acids (UA) and neutral sugars (NS) contents were analysed after each treatment. In the WS fraction, UA content increased continuously from 0.5 % at 60DAF to 1.3 % of NSP at 2 M (Table [2](#Tab2){ref-type="table"}). In contrast, NS content decreased from 1.3 % at 60DAF to 0.9 % of NSP after 2 months of cold storage (2 M). This decrease affected the mannose, galactose and glucose content, but not that of arabinose, which was the major sugar of this fraction (Table [3A](#Tab3){ref-type="table"}). As expected, the subsequent pectinase treatment (PS) had a drastic effect and removed 15.2 to 25.3 % of NSP depending on the fruit stages (Table [2](#Tab2){ref-type="table"}). The amount of NS content decreased from 20.4 to 10.9 % of NSP from 60DAF to 2 M (Table [2](#Tab2){ref-type="table"}), including the majority of the released rhamnose, arabinose, mannose and galactose (Table [3B](#Tab3){ref-type="table"}). The difference between 60DAF and 2 M was mainly due to the decrease in galactose content in the PS fraction (Table [3A](#Tab3){ref-type="table"}). No significant change was observed in UA content between 60DAF and 2 M (Table [2](#Tab2){ref-type="table"}) but the majority of UA was released with this treatment (Table [3B](#Tab3){ref-type="table"}).Table 2Soluble acidic and neutral sugars content released by sequential treatment of AIMTreatment60DAF110DAFH1 M2 MStatWSNSP1.8±0.12.7±0.22.2±0.11.8±0.22.2±0.2cUA0.5±0.11.2±0.10.9±0.20.9±0.11.3±0.1abcNS1.3±0.21.4±0.21.3±0.20.9±0.10.9±0.2bcPSNSP25.3±0.627.3±2.719.3±1.216.4±1.315.2±0.9abcUA5.0±0.65.3±1.14.9±0.54.7±0.54.3±0.2NS20.4±1.822.0±6.214.4±0.911.7±1.310.9±0.9abcMannanaseNSP2.8±0.43.3±0.41.6±0.31.3±0.11.3±0.1acUA0.00.00.1±0.10.1±0.00.2±0.0acNS2.8±0.43.3±0.41.5±0.41.2±0.11.1±0.1acXylanaseNSP1.0±0.21.2±0.40.9±0.20.7±0.10.5±0.1bcUA0.00.00.00.00.0NS1.0±0.21.2±0.40.9±0.20.7±0.10.5±0.1bcGlucanaseNSP13.9±2.215.6±4.215.9±1.414.4±1.913.9±1.8UA0.00.00.2±0.10.2±0.10.2±0.1acNS13.9±2.215.6±4.215.7±2.614.2±2.313.7±2.0Analyses were carried out by colorimetric analyses at 5 time points (60 and 110DAF, H: harvest, 1 M and 2 M: i.e.,1 and 2 months of cold storage) on samples released after sequential treatments with water (water-soluble, WS), pectinases (pectinase-soluble, PS), mannanases, xylanase and finally glucanase. Non-starch polysaccharides content (NSP) are expressed as a percentage of AIM dry weight, uronic acids (UA) and neutral sugars (NS) contents are expressed as a percentage of initial NSP dry weight. a, b, c: significant differences between 60 DAF and H, H and 2 M, 60 DAF and 2 M with *p* \< 0.0001Table 3Neutral sugar composition of the fractions released by sequential treatment of AIMTreatmentA% NSPB% initial sugar content in NSPNSNSRhaFucAraXylManGalGlcUARhaFucAraXylManGalGlcUA60DAFWS0.00.00.20.00.10.20.20.51.30.81.10.41.91.10.72.2PS**0.2**0.0**1.9**0.1**1.02.1**1.1**5.015.2**2.1**11.2**1.1**22.711.2**3.7**22.3**Mannanase0.00.00.30.00.30.30.40.02.60.01.80.96.21.31.20.0Xylanase0.00.00.20.00.00.10.10.01.30.01.00.90.10.60.30.0Glucanase0.10.20.4**0.6**0.30.3**5.1**0.05.7**18.4**2.1**13.1**7.51.8**16.4**0.02 MWS0.0**0.0**0.20.00.00.10.11.31.90.01.60.41.42.00.24.5PS**0.3**0.0**2.3**0.1**0.90.6**0.2**4.321.1**1.5**15.3**1.4**27.88.8**0.5**14.8**Mannanase0.00.00.20.10.20.10.10.22.01.41.10.85.41.20.30.7Xylanase0.10.00.90.50.00.30.20.05.40.06.26.00.03.60.60.0Glucanase0.1**0.2**0.4**1.0**0.30.5**5.7**0.29.1**19.8**2.7**12.9**8.26.6**15.8**0.7Analyses were carried out at 2 time points (60DAF and 2 M: i.e., 2 months of cold storage) on samples released after sequential treatments with water (water-soluble, WS), pectinases (pectinase-soluble, PS), mannanases, xylanase and finally glucanase. The neutral sugars (NS) were measured by GC and the uronic acids (UA) by colorimetry. The results are expressed A) as percentage of initial NSP in the AIM dry weight (% NSP) and B) as a percentage of the initial amount of each sugar in the NSP fraction of AIM. Numbers in bold are the maximum of released sugars among all treatments*Rha*, rhamnose, *Fuc*, fucose, *Ara*, arabinose, *Xyl*, xylose, *Man*, mannose, *Gal*, galactose, *Glc*, glucose, *UA*, uronic acids

Structure of mannose-containing polysaccharides {#Sec5}
-----------------------------------------------

Endo-β-mannanase treatment on the remaining extracts allowed access to mannan-rich hemicelluloses. The treatment released 2.8 to 3.3 % of NSP at 60DAF and 110DAF and significantly less from harvest to 2 M with only 1.3%NSP (Table [2](#Tab2){ref-type="table"}). No UA was detectable at early stages of development and only traces afterwards (Table [2](#Tab2){ref-type="table"}). At 60DAF, hydrolysis products were mainly composed of glucose, arabinose, mannose and galactose, each representing 0.3 to 0.4 % of NSP (Table [3A](#Tab3){ref-type="table"}) and respectively only 1.2, 1.8, 6.2 and 1.3 % of their respective initial content in NSP, as most of them was already removed in the PS fraction (Table [3B](#Tab3){ref-type="table"}). The lower NS content of the mannanase fraction at 2 M was mainly due to the decline of galactose and glucose content with only 0.1 % NSP remaining for each.

Galactoglucomannan fine structures recovered in the mannanase hydrolysates were assessed qualitatively by MALDI-TOF MS spectra analysis (Fig. [1a](#Fig1){ref-type="fig"}). As expected, MS spectra showed a series of more or less acetyl-esterified hexo-oligosaccharides with degrees of polymerization from 4 to 8 attributed to mannans/glucomannans/galactoglucomannans fragments. Major fragments in the mean spectrum were attributed to Hex4a1 (4 hexose residues substituted by 1 acetyl group, see legend of Fig. [1](#Fig1){ref-type="fig"} for nomenclature, *m/z* 731), Hex4a2 (*m/z* 773), Hex5a1 (*m/z* 893) Hex5a2 (*m/z* 935), and Hex6a1 (*m/z* 1055) oligomers. An ion with mass corresponding to hexose and pentose containing structures, Hex3a1 and Pen4, respectively, was observed at *mz* 569 (Pen4: 4 pentose residues). Minor structures identified were Hex4 (*m/z* 689), Hex5 (*m/z* 851), Hex5a2 (*m/z* 935), Hex7a1 (*m/z* 1217), Hex7a2 (*m/z* 1259), Hex8a1 (*m/z* 1379) and Hex8a2 (*m/z* 1421). The spectra also revealed the presence of minor pento-oligosaccharides: Pen3U1 (3 pentose residues substituted by 1 uronic acid, *m/z* 613), Pen3U1a1 (*m/z* 655), Pen4a1 (*m/z* 611), Pen4a2 (*m/z* 653), Pen4U1m1 (*m/z* 759), Pen4U1m1a1 (*m/z* 801) and Pen5a1 (*m/z* 743) arising from the minor contamination of the commercial mannanase by xylanase. Principal components analysis (PCA) of annotated oligosaccharides ion intensity was done to provide a synthetic view of sample variations as well as of the variables contributing to these variations. This analysis revealed a clear change in fine structure of mannose-containing hemicelluloses during fruit development particularly during the early phases (Fig. [1b, c](#Fig1){ref-type="fig"}). PCA of MS spectra showed that the acetylated oligomers Hex7a1 and Hex8a1 differentiated the fruits at 60DAF.Fig. 1Mean MALDI-TOF MS spectra (**a**, **d**) and principal component analysis (**b**, **c**, **e**, **f**) of MS ions of annotated oligomers in the mannanase (**a**, **b**, **c**) and glucanase (**d**, **e**, **f**) digests. 60 DAF: 60 days after flowering, 110 DAF: 110 days after flowering, H: harvest, 1 M: 1 month of cold storage, 2 M: 2 months of cold storage. Nomenclature of xyloglucan oligosaccharides followed that of \[[@CR131], [@CR133]\] extended to account for acetyl groups noted a. In brief, it uses uppercase letters representing an individual 1 → 4 linked β -D-glucose residue and its pendant side chains. Accordingly, bare glucose residue is designated by the letter G while when branched by α -D-xylosyl residue on O-6, it is refers to X. With further extension of the branch by one β-D-galactosyl linked on xylose O-2, the trisaccharide structure formed is referred to L and when the latter is further extended by one α-L-fucose residue linked at O-2 of galactose, the structure is then referred to F. Hexose containing oligosaccharides attributed to galactoglucomannans were noted Hex. Pentose based oligosaccharides were noted Pen. These codes are extended by U, m and a when the residues are substituted by an uronic acid, a methyl and and acetyl group, respectively. The number following the structure codes denoted the number of building structures and substituent groups in the oligosaccharides (i.e., Hex3a2 corresponds to 3 hexoses and 2 acetyl groups; Pen5U1m1a1 corresponds to 5 pentose, 1 uronic acid, 1 methyl and 1 acetyl groups)

Structure of xylose-containing polysaccharides {#Sec6}
----------------------------------------------

Treatment of the endo-β-mannanase residues by endo-β-xylanase was performed to analyse xylose-containing hemicelluloses. This treatment released a small amount of neutral sugars, only 1 % of NSP at 60DAF, which decreased during cold storage to 0.5 % of NSP at 2 M (Table [2](#Tab2){ref-type="table"}). No acidic sugar was detected in this fraction (Table [2](#Tab2){ref-type="table"}). Arabinose, galactose and glucose were the main neutral sugars detected at 60DAF with 0.1 to 0.2 % of the initial NSP (Table [3A](#Tab3){ref-type="table"}). After 2 months cold storage, more arabinose (0.9%NSP), galactose (0.3%NSP) and glucose (0.2%NSP) were detected (Table [3A](#Tab3){ref-type="table"}). They represented 6.2, 3.6 and 0.6 % of their respective initial content in NSP (Table [3B](#Tab3){ref-type="table"}). Rhamnose and xylose contents increased in 2 M samples with respectively 0.1 and 0.5 % of the initial NSP, representing 5.4 and 6.0 % of their initial content in NSP. In contradiction with the global NS measurements by colorimetry (Table [2](#Tab2){ref-type="table"}), the GC method showed an increase in neutral sugars released by the treatment after 2 M when compared to 60DAF (Table [3A](#Tab3){ref-type="table"}). Due to the overall low amounts of the xylose-containing oligosaccharides in the hydrolysis products (Table [3B](#Tab3){ref-type="table"}), xylanase hydrolysates were not further analysed.

Structure of glucose-containing polysaccharides {#Sec7}
-----------------------------------------------

Endo-β-glucanase was applied on xylanase residues as the last enzymatic treatment to access xyloglucan structures. The treatment solubilized from 13.9 %NSP at 60DAF to a maximum of 15.7 %NSP at harvest stage and decreased to 13.9 % NSP at 2 M (Table [2](#Tab2){ref-type="table"}). Only a very small amount of UA (0.2 % NSP) was released from the harvest stage and thereafter. As expected, the main soluble sugar was glucose with respectively 5.1 and 5.7 % NSP at 60DAF and 2 M (Table [3A](#Tab3){ref-type="table"}) and representing 16.4 % at 60 DAF and 15.8 % at 2 M of the initial content in NSP. With no remarkable differences between 60DAF and 2 M stages, smaller amounts of the other sugars were also solubilized. Most of the released fucose, glucose and xylose were found in the glucanase hydrolysis products (Table [3B](#Tab3){ref-type="table"}).

In consistence with the high content of glucose in the hydrolysates (Table [3](#Tab3){ref-type="table"}), xyloglucan oligosaccharides (XyGOs) were identified by MALDI-TOF MS analysis (Fig. [1b](#Fig1){ref-type="fig"}). The mean spectrum revealed the presence of major acetyl-esterified XyGOs: XXFGa1 (*m/z* 1435) and XLFGa1 (*m/z* 1597) together with other structures attributed according to their respective mass to XXG (*m/z* 791), XLG (*m/z* 953), GFG (*m/z* 967), XFG (*m/z* 1099), XLXG (*m/z* 1247), XLXGa1 (*m/z* 1289), XXFG (*m/z* 1393), XLGa1 (*m/z* 1451), XXFGa2 (*m/z* 1477) and XLFGa2 (*m/z* 1639). Minor fragments were also detected as hexo or pento-oligosaccharides and attributed to Hex4 (*m/z* 689), Hex4a1 (*m/z* 731), Hex4a2 (*m/z* 773), Hex5 (*m/z* 851), Hex5a1 (*m/z* 893), Hex5a2 (*m/z* 935), Hex6a1 (*m/z* 1055), Hex7a1 (*m/z* 1217) and Hex8a1 (*m/z* 1379), Pen3U1 (*m/z* 613), Pen3U1a1 (*m/z* 655), Pen4a1 (*m/z* 611), Pen4U1m1 (*m/z* 759), Pen4U1m1a1 (*m/z* 801), Pen5a1 (*m/z* 743) and Pen5U1m1a1 (*m/z* 933). These fragments reflected the activity of the commercial glucananase on glucomannan as well as the presence of minor contaminating xylanolytic activities. If no significant change in global NS composition was observed, a clear change of the oligosaccharide fine structures occurred during fruit development, particularly between the early developmental phases (60DAF and 110DAF) and the matures stages (H, 1 M and 2 M). While most of the XyGOs oligomers, and particularly XXG, GFG, XLXG, XXFGa2, XLFGa2, were representative of mature stages, the hexo and pento-polysaccharides distinguished the spectra of fruits in early development. Particularly, Hex6a1, Hex5a1, Hex7a1, Hex4a1, Hex4a2, Hex5a2, Pen5U1m1a1, Hex8a1, Hex4, Pen4U1m1a1, Hex5, Pen4U1m1 and Pen3U1a1 were representative of the early stages (Fig. [1b](#Fig1){ref-type="fig"}).

Transcriptome profiling {#Sec8}
-----------------------

In order to identify genes potentially involved in the structural modifications of cell wall polysaccharides, transcriptome analyses were performed on the same samples used for cell wall biochemical analyses. Transcriptomic profiling performed with the AryANE_v1 microarray revealed that 42 % of the tested transcripts were expressed at one or more developmental stages for at least one of the 8 genotypes analysed. Differentially expressed transcripts between subsequent developmental stages were identified with significant *P*-values for t-tests (*P*-value \<0.01; Fig. [2](#Fig2){ref-type="fig"}). The highest numbers of differentially expressed transcripts were observed between 110DAF and harvest, and harvest and 1 M storage. To study the changes between apple development and fruit ripening, the transcriptome at 60DAF was compared with the transcriptome at 2 M. A total of 23,001 differentially expressed transcripts were identified. Subsequent hierarchical clustering analysis on expression profiles led to the selection of 5150 transcripts displaying similar expression profiles for the 8 genotypes grown in both orchards when considering the 16 time series (Additional file [1](#MOESM1){ref-type="media"}). Microarray data were validated by RT-qPCR experiments on a subset of differentially expressed genes, using cDNA from 60DAF and 2 M apple fruits. A similar difference between gene expression levels was observed with both techniques (Pearson correlation = 0.82, *P*-value \< 0.01) (Additional file [2](#MOESM2){ref-type="media"}).Fig. 2Differentially expressed transcripts during kinetic of apple development and ripening. Graph represents the number of significant differentially expressed transcripts between 2 time points. Transcripts are down-regulated or up-regulated, respectively in dark and in light grey, in comparison with the earlier stage of development. 60 DAF: 60 days after flowering, 110 DAF: 110 days after flowering, H: harvest, 1 M: 1 month of cold storage, 2 M: 2 months of cold storage

In AryANE_v1 microarray, sense (S) and antisense (AS) probes were designed for each annotated apple coding DNA sequence (CDS), and 26 % of the differentially expressed probes corresponded to AS transcripts. Celton et al. \[[@CR36]\] demonstrated that these AS transcripts were likely to be involved in small interfering RNA (siRNA) dependent negative regulation of the coding mRNAs. This study only considered genes with differentially expressed sense transcripts.

Sense transcripts with higher expression during early fruit development (60DAF and 110DAF: cluster A) or during fruit ripening and cold storage (harvest, 1 M, 2 M: cluster B) were selected for further analyses, and represented respectively 6.2 and 10.5 % of the selected differentially expressed transcripts. Based on genes annotations, they were classified into functional categories. 0.5 % had annotations related to cell wall biosynthesis and/or remodelling, or solutes flux changes (Additional file [3](#MOESM3){ref-type="media"}). In order to refine the selection, deduced protein sequence from these genes were analysed for subcellular targeting and protein domain annotation. The potential cellular locations of 96.5 % of the proteins corresponding to these genes were analysed with the ProtAnnDB tool \[[@CR37]\] (Additional file [3](#MOESM3){ref-type="media"}). In concordance with a function on cell wall modifications, 66 proteins with a signal peptide for endoplasmic reticulum (ER) targeting were potential candidates to be exported to the apoplast. For 21 predicted transporters, 2 had surprisingly no predicted transmembrane domain. 5 of the 6 peroxidases had a predicted signal peptide for ER targeting and 4 were predicted to belong to Class III peroxidase superfamily when analysed through the PeroxiBase tool. Among the enzymes and proteins related to cell wall modification, 15 % could not be allocated to a coherent subcellular compartment. This was probably due to the prediction models used and/or to potentially truncated protein sequences which were deduced from the apple genome sequence and annotation \[[@CR38]\]. In addition, some annotations were different between ProtAnnDB and CAZy databases. For example, several proteins were identified as pectin lyase-like with ProtAnnDB, but were grouped as glycoside hydrolases 28 (GH28) (MDP0000147794; MDP0000175027; MDP0000251956; MDP0000270685; MDP0000665344; MDP0000818931 and MDP0000249285) or carbohydrate esterases 8 (CE8) (MDP0000177299; MDP0000212502; MDP0000251256; MDP0000252508; MDP0000287234) in CAZy database. Such discordances probably resulted from the markedly different methods and criteria used for protein annotation.

A total of 114 cell wall related genes were selected, 82 % were expressed during the early developmental phases and the remaining 18 % were expressed during later developmental stages and storage. According to their expression pattern, early expressed genes were grouped in cluster A while the later expressed genes were in cluster B (Table [4](#Tab4){ref-type="table"}; Additional file [3](#MOESM3){ref-type="media"}). Cell wall genes from cluster A included mainly genes potentially involved in pectin and cellulose/hemicellulose metabolism, respectively 20 and 26 genes. Several genes potentially coding expansins, galactosyltransferases, glycoproteins and many β-galactosidases were also identified in this cluster, as well as peroxidases and transporters. In contrast, few cell wall related genes were identified in cluster B. Those identified were mainly involved in pectin degradation, and very few genes were involved in cellulose/hemicelluloses metabolism including genes coding expansins (Table [4](#Tab4){ref-type="table"}; Additional file [3](#MOESM3){ref-type="media"}).Table 4Molecular and biochemical function of selected genes potentially involved in cell wall dynamicMolecular functionBiochemical annotationGene_idCluster ACluster BPectin biosynthesisGalacturonosyltransferase (GAUT)MDP0000179747MDP0000609623Galacturonosyltransferase-like (GATL)MDP0000124674, MDP0000518347, MDP0000678218, MDP0000794936, MDP0000856834, MDP0000370712Pectin degradationGlycoside hydrolase family 79 (GH79)MDP0000199066Pectate lyaseMDP0000266603, MDP0000277149, MDP0000319156, MDP0000631698, MDP0000232225, MDP0000394944, MDP0000693765, MDP0000818931Pectin acetylesteraseMDP0000193151, MDP0000834641Pectin esteraseMDP0000177299, MDP0000212502MDP0000251256, MDP0000252508, MDP0000287234Pectin methylesterase inhibitorMDP0000250584MDP0000836165Polygalacturonase (PG)MDP0000147794, MDP0000175027, MDP0000251956, MDP0000665344, MDP0000270685MDP0000249285Cellulose/Hemicelluloses biosynthesisUDP-xylosyltransferaseMDP0000197595Cellulose synthaseMDP0000185368, MDP0000322053Cellulose synthase-like A (CSLA)MDP0000263736, MDP0000133719, MDP0000717000, MDP0000131947, MDP0000659120, MDP0000673496Cellulose synthase-like E (CSLE)MDP0000196876Cellulose/Hemicelluloses degradationα-arabinofuranosidase/α-xylosidaseMDP0000208161α-L-fucosidaseMDP0000166406MDP0000543167β -glucosidaseMDP0000140817Glycoside hydrolase family 1 (GH1)MDP0000217844, MDP0000147765Glycosyl hydrolase family 9 (GH9)MDP0000147635, MDP0000131397, MDP0000561662Xyloglucan endotransglycosylase/hydrolase (XTH)MDP0000180043, MDP0000132431, MDP0000378203GlycoproteinsArabinogalactan protein (AGP)MDP0000221961, MDP0000893240Fasciclin-like arabinogalactan-protein (FLA)MDP0000525641, MDP0000658332Hydroxyproline-rich glycoprotein family protein (HRGP)MDP0000144792, MDP0000697140, MDP0000849284Wall associated kinase (WAK)MDP0000630155Wall associated kinase-like (WAKL)MDP0000278145, MDP0000426154ExpansinsExpansin A (EXPA)MDP0000259640, MDP0000785413, MDP0000257797Expansin-like A (EXLA)MDP0000568045MDP0000906812Expansin-like B (EXLB)MDP0000214811, MDP0000292477GalactosyltransferasesGalactosyltransferaseMDP0000198402, MDP0000237443β-galactosidasesβ-galactosidasesMDP0000030527, MDP0000195063, MDP0000201058, MDP0000227393, MDP0000310582, MDP0000899966, MDP0000151981, MDP0000265046, MDP0000271897, MDP0000895533, MDP0000682327MDP0000127542, MDP0000416548, MDP0000944874PeroxidasesPeroxidaseMDP0000272643, MDP0000678562, MDP0000488361, MDP0000221335, MDP0000122663MDP0000142485TransportH(+)-ATPaseMDP0000810883Anion transporterMDP0000142911, MDP0000877937K+ transporterMDP0000414314, MDP0000800190, MDP0000889811, MDP0000170687, MDP0000853168, MDP0000778372MDP0000403872Cation transporterMDP0000470237Zinc transporterMDP0000320480Monosaccharide transporterMDP0000485591Hexose transporterMDP0000216376, MDP0000219430Polyol transporterMDP0000239167, MDP0000251579, MDP0000841918Sugar transporterMDP0000219048, MDP0000318992MDP0000266249Genes were annotated according to their similarity with *Arabidospis* genes (TAIR) and Mapman classification. Their deduced protein sequences where also search in ProtAnnDB, CAZy and Peroxibase databases

Integrative analysis {#Sec9}
--------------------

Gene expression networks were realized within each cluster (Additional file [4](#MOESM4){ref-type="media"}). Gene correlation in cluster A yielded one large network composed of 70 genes (*r* \> 0.7). A subset of genes in the network showed strong correlations (*P* \< 0.05, *r* \> 0.9) and was centred on a gene annotated for a glycoside hydrolase belonging to family 9 (GH9) grouping mainly glucanases (MDP0000131397). This subset was composed of GH9, β-glucosidase (MDP0000140817), β-galactosidase (MDP0000899966), XTH (MDP0000378203), FLA (MDP0000525641), AGP (MDP0000893240), peroxidase (MDP0000221335) and sugar transporter (MDP0000318992). Another subset containing CSLA (MDP0000717000), FLA (MDP0000658332) and β-galactosidase (MDP0000310582) also significantly correlated (*P* \< 0.05, *r* \> 0.9). Two small correlation networks were drawn for genes in cluster B (Additional file [4](#MOESM4){ref-type="media"}). Two gene networks showed significant correlations (*P* \< 0.05, *r* \> 0.7). One showed correlations between genes encoding pectin-degrading enzymes such as PG and pectin esterases (MDP0000249285; MDP0000251256; MDP0000252508; MDP0000287234) and genes encoding transporters (MDP0000216376; MDP000219430; MDP0000266249; MDP0000403872). The other network showed strong correlations (*P* \< 0.05, *r* \> 0.8) between genes encoding expansin like A (MDP0000906812), expansin like B (MDP0000214811; MDP0000292477), β-galactosidase (MDP0000416548) and peroxidase (MDP0000142485).

Transcriptomic profiles were tentatively correlated with the cell wall monosaccharides contents and the oligosaccharides enzymatically released from hemicelluloses in order to reveal concomitant events (Additional file [5](#MOESM5){ref-type="media"}). Total monosaccharide contents in AIM (as %NSP) were considered, except for arabinose and rhamnose whose content did not change (Table [1](#Tab1){ref-type="table"}). Oligosaccharides relative contents in glucanase digests were also considered as markers of hemicellulose structural changes (Fig. [1b](#Fig1){ref-type="fig"}).

Glucose and uronic acids contents were the least correlated with the selected gene expression levels. Expression profiles of cluster A genes expressed during early developmental stages were positively correlated with galactose and mannose contents, as well as oligosaccharides content attributed to mannans (Hex4a1, Hex4a2, Hex5a1, Hex5a2, Hex6a1, Hex7a1 and Hex8a1) and xylans (Pen5U1m1a1, Pen4U1m1 and Pen4U1m1a1). They were also negatively correlated with fucose and xylose content as well as with oligosaccharides attributed to xyloglucans (XXG, XLG, GFG, XFG, XLXG, XXFG, XXFGa2, XLFGa2). The opposite correlations were observed with expression profiles from genes belonging to cluster B, showing higher expression at mature stages.

Strong correlations were observed between expression profiles of β-galactosidases and galactose content (Fig. [3a](#Fig3){ref-type="fig"}), between expression profiles of expansins and the structure XXG of xyloglucans (Fig. [3b](#Fig3){ref-type="fig"}), between expression profiles of cellulose synthase like-A and glycoside hydrolase family 9 and the structure Hex6a1 of mannans during apple development and ripening (Fig. [3c and d](#Fig3){ref-type="fig"}, respectively).Fig. 3Expression level of genes correlated with monosaccharide content or oligosaccharides relative content MS from glucanase digest during apple development and ripening: **a** β-galactosidases and galactose content, **b** expansins and XXG, **c** cellulose synthases like A and Hex6a1, **d** glycoside hydrolases family 9 (glucanase) and Hex6a1. Green bold lines correspond to genes expressed during early apple development and red bold lines correspond to genes expressed during apple ripening. 60 DAF: 60 days after flowering, 110 DAF: 110 days after flowering, H: harvest, 1 M: 1 month of cold storage, 2 M: 2 months of cold storage

Discussion {#Sec10}
==========

Modifications in the chemical composition of apple cell wall polysaccharides during fruit development and ripening have already been described \[[@CR6], [@CR9], [@CR10], [@CR22], [@CR30]\] as well as enzymes and genes expression involved in ripening \[[@CR14], [@CR16], [@CR17], [@CR23], [@CR26], [@CR27], [@CR39], [@CR40]\]. However a more detailed view of genes potentially involved in cell wall polysaccharide chemical composition, structure, water flux during apple development and storage provides insights into the mechanisms affecting texture characteristics and highlights novel candidate genes involved in these processes.

A dual approach to characterize apple cell wall dynamic {#Sec11}
-------------------------------------------------------

Biochemical cell wall analyses were done to assess the changes in polysaccharide composition and particularly that of hemicelluloses fine structure during apple fruit development. For the latter analyses, pectin was partially removed by water washes and pectinolytic enzymes as it was reported to mask hemicelluloses \[[@CR41]\]. Our results showed that compared with previous studies of XGos profiles (Fig. [1](#Fig1){ref-type="fig"}), pectin in apple parenchyma cell wall did not have a major impact on hemicellulose accessibility to enzymes \[[@CR7], [@CR33], [@CR42]\]. Furthermore, the changes observed by MALDI-TOF MS in the relative proportion of GgM oligomers in the glucanase hydrolysate, followed the decrease in mannose content in the cell wall of the fruit in development. Although these observations pointed to some degree of representativeness of the cell wall hemicelluloses enzymatic profiling, the hydrolyzates composition likely reflected readily accessible structures and not those in strong interaction. Additionally, the endogenous modifications of polysaccharides structure and access during fruit development possibly affected the enzymatic hydrolyzates composition.

Transcriptomic analysis provided access to genes encoding specific proteins and enzymes related to cell wall construction and remodelling during apple development, ripening and cold storage. Genes were selected according to their annotations from different databases but their respective biochemical activities remain to be characterized. Genome-wide expression analysis of apple fruit development has already revealed the coordination between gene expressions with specific fruit developmental stages from floral bud to ripe fruit \[[@CR1], [@CR43], [@CR44]\]. Genes expressed during early fruit development are mainly involved in cell proliferation and expansion \[[@CR43], [@CR44]\]. Recently, this approach revealed that the down regulation of *MdPME2*, an early-expressed pectin methylesterase-coding gene during fruit development was linked to the apparition of mealiness, during fruit cold storage \[[@CR21]\]. Several other functional categories have also been reported, such as solute transport and cell wall metabolism \[[@CR45]\].

The present analysis confirmed that the number of transcripts detected was similar from early apple development to harvest stage and that it was not affected up to 2 months after cold storage \[[@CR36]\]. However, remarkably more cell wall-related genes were specific to early developmental stages than to ripening and storage phases. This could be explained by the fact that analyses were carried out on distinct genotypes with different fruit texture evolution after harvest (Additional file [6](#MOESM6){ref-type="media"}). This difference in gene expression profiles highlights the plasticity of the genome with different expression time-frames and/or other genetic/environmental factors affecting markedly metabolic pathways during the ripening process. Indeed, variations in transcript profiles already observed between different apple genotypes support a genetic dependent regulation of fruit growth and ripening \[[@CR43], [@CR46]\].

Pectin modification during fruit development and cold storage {#Sec12}
-------------------------------------------------------------

During early apple development, genes involved in pectin metabolism were co-expressed with genes involved in hemicellulose metabolism and their remodelling by XTH (Table [4](#Tab4){ref-type="table"}, Additional files [3](#MOESM3){ref-type="media"} and [4](#MOESM4){ref-type="media"}). Concomitant expression of genes involved in biosynthetic and degradation functions is in line with observations that hydrolytic mechanisms are required to achieve a proper cell wall polysaccharide synthesis and organ development \[[@CR47]--[@CR49]\].

Changes in cell wall composition were observed as expected during fruit development and ripening, such as a decrease in galactose content \[[@CR10], [@CR11], [@CR30], [@CR50]\]. The increase in xylose, fucose and uronic acids likely resulted from both the cell wall enrichment in XyG and pectin depletion in neutral side-chains. The presence of uronic acids in the water washes of apple AIM at the ripening stage supports the hypothesis that HG depolymerization by PG contributes to the decrease of fruit firmness \[[@CR14], [@CR20], [@CR51]\]. The removal of methyl esters facilitates PG action \[[@CR3], [@CR52]\] but also favours cell adhesion and the rigidity of pectin network \[[@CR53]\]. In peach and tomato, pectin methyl-esterification decreased during development and ripening concomitantly with the increased activity of PME \[[@CR52], [@CR54], [@CR55]\]. In apple, PME activity was reported to decrease during ripening \[[@CR14], [@CR17]\]. In this study, 2 pectin esterases coding gene (MDP0000177299, MDP0000212502) showed a decreased expression during apple development and ripening. However, as previously reported \[[@CR10], [@CR19], [@CR21]\], no global significant variation was observed in methyl ester content of pectin during apple ripening. It was suggested that these enzymes could have a very local activity, at tricellular junctions, whose effect could not be evaluated at the whole fruit level \[[@CR21]\]. Acetyl-esterification is also a common feature of apple pectin \[[@CR56]\] and may be the target for the ill-defined function of these esterases. The latter may contribute to the significant decrease in the global cell wall acetyl esterification observed between 110 DAF and 2 M.

The specific expression of a GAUT coding gene (MDP0000609623) was also noticed during the ripening phases, as well as a significant increase of UA content. This suggests that new pectin could be incorporated into cell wall even after the developmental stages. This is in accordance with the observation that early ripening tomato has still cell wall synthetic capacities while being disassembled \[[@CR57], [@CR58]\].

Hemicellulose changes during fruit development and cold storage ripening {#Sec13}
------------------------------------------------------------------------

The semi-quantitative variations of hemicellulose structural domains observed during fruit development (Fig. [1](#Fig1){ref-type="fig"}) were in accordance with observations made on other plant organs or fruits \[[@CR59], [@CR60]\]. This variation suggests different roles for different XyG fine structures in relation with cell wall expansion and extensibility mechanical properties by yet unclear mechanisms \[[@CR61]\]. In several fruits, including apple, distinct xyloglucan transglycosylase/hydrolases (XTH)-coding genes are expressed in young and mature fruits and are likely to contribute to XyG structure \[[@CR23], [@CR62], [@CR63]\]. Particularly found expressed in the early development phases in this study, XTH gene expression was highly and positively correlated (*P*-value \< 0.01) with the expression of glycoside hydrolase GH9 (MDP0000131397), β-glucosidase (MDP0000140817), β-galactosidase (MDP0000899966), glycoproteins (FLA: MDP0000525641, AGP: MDP0000893240), peroxidase (MDP0000221335) and sugar transporter (MDP0000318992) (Additional file [4](#MOESM4){ref-type="media"}). It points out the key role of XyG in the cell wall dynamic together with other cell wall events including remodelling of cell wall polysaccharides by hydrolases, oxidative reactions and likely cell turgor regulation. Indeed, xyloglucans have been shown to be involved in cell wall mechanics, acting on the stability of microtubule cytoskeleton and the cellulose microfibrils biosynthesis and organization \[[@CR64]\]. The concomitant expression of FLA genes (MDP0000525641, MDP0000658332) with XyG remodelling suggests that the proposed cell adhesion and plant mechanical implications of FLA proteins \[[@CR65], [@CR66]\] associate specific xyloglucan structures. Genes potentially coding a dual α-L-arabinofuranosidase/α -xylosidase (MDP0000208161) and α-L-fucosidase (MDP0000166406) were also highly expressed during early apple development. These genes should be further characterized as they may be involved in developmental regulation of XyG structure \[[@CR67]\]. In addition, the xylosidase/arabinofuranosidase may also be implied in the remodelling of arabinan side chains of pectin, glucuronoarabinoxylan and/or AGP structures.

The present study revealed that galactoglucomannan (GgM), a minor component of apple hemicellulose, undergoes fine structural changes during early fruit development. It co-occurred with the high expression of one CSLA gene (MDP0000673496) (Additional file [5](#MOESM5){ref-type="media"}), whose *Arabidopsis* homolog was shown to encode mannan synthase \[[@CR68]\] and has a potential key role on cell expansion \[[@CR69]\]. In particular, this CSLA gene expression was positively correlated with the detection of the Hex6a1 structure in glucanase digest (Fig. [3c](#Fig3){ref-type="fig"}) and with the expression of the glycoside hydrolase GH9 gene (MDP0000131397) (Fig. [3d](#Fig3){ref-type="fig"}). The strong correlation of one CSLA (MDP0000717000) gene expression with the β-galactosidase expression profile (MDP0000310582) (*P*-value \< 0.01) (Additional file [4](#MOESM4){ref-type="media"}) suggests that β-galactosidases may also be involved in the control of GgM synthesis and deposition in the wall. The function of GgM in primary walls remains unclear. Their potential interactions with cellulose \[[@CR70]\] make them a candidate to control microfibrils aggregation and thus cell wall expansion \[[@CR61]\]. This is consistent with the existence, at least in tomato, of mannan-degrading enzymes with transglycosylase activity (MTH) similar to XTH activity \[[@CR71]\].

The large amount of mannose and glucose released by the combined action of pectin lyase and rhamnogalacturonase (PS; Table [3B](#Tab3){ref-type="table"}) suggests that GgM could be associated with pectin. Such an association would also be affected by ripening as the amount of glucose decreased in 2 M samples when compared with 60DAF. The specific timing of GgM biosynthesis in early fruit development and metabolism as fruit enlarges points to a specific role most likely during and/or just after cell division with an implication in cell-cell adhesion as in tomato \[[@CR72]\] and/or in the first rapid firmness decline observed during early fruit development \[[@CR73]\].

Xylanase profiling did not show fine structural modifications of the minor glucuronoarabinoxylan (GAX) content in apple. This was likely due to the partial hydrolysis of the GAX by the xylanase contaminating the mannanase used in the previous hydrolysis step but also probably due to hindrance of the binding/active sites by xylan substitutions. Indeed, the xylanase activity contained in the following glucanase was able to release some more xylan oligomers. Overall, the mannanase- and glucanase-released xylo-oligomers revealed that GAX was particularly present at 60DAF and 110DAF, with different fine structures. There is no information on fine structure modifications of xylan-based polysaccharides in other fruits. As for GgM, the function of GAX in apple remains to be established. In *Arabidopsis*, xylan can be linked to pectin through AGP \[[@CR74]\] and in tomato glucuronoxylan (GUX) are partly linked to GgM \[[@CR75]\]. The identification of arabinose, galactose and rhamnose in the products of mannanase and xylanase hydrolysis supports the proposed connections between GAX and the AGP/pectin RGI complex. As with XTH and MTH, xylanase with hydrolase but also transglycosylase activity exists in fruit \[[@CR76]\], opening the way for xylan remodelling mechanisms. Since tomato GUX were located in cell wall lining the intercellular spaces \[[@CR72]\], it would be of interest to search for apple GAX in a similar location and test their involvement in the formation of large intercellular spaces in fruit flesh during cell expansion.

Expansins are also important proteins for loosening XyG-cellulose interactions during cell expansion \[[@CR77], [@CR78]\]. They have been found in developing fruit, such as tomato \[[@CR79]\], pear \[[@CR80]\], strawberry \[[@CR81]\] and apple \[[@CR82]\]. Our results showed that 4 expansin (EXPA) or expansin-like (EXLA) genes (MDP0000257797, MDP0000259640, MDP0000785413, and MDP0000568045) were specifically more expressed during early fruit development (Table [4](#Tab4){ref-type="table"}; Additional file [3](#MOESM3){ref-type="media"}). Their deduced protein sequence had various level of similarity with expansin domains from others fleshy fruit \[[@CR79]--[@CR81], [@CR83]\] (Additional file [7](#MOESM7){ref-type="media"}). In contrast, the protein sequence from the 3 expansin-like genes (EXL) (MDP0000214811, MDP0000292477, MDP0000906812) identified during fruit ripening was very different, suggesting different biochemical characteristics and biological functions (Additional file [7](#MOESM7){ref-type="media"}). Their gene expression profiles were correlated with oligosaccharides XXG relative content (Fig. [3b](#Fig3){ref-type="fig"}; Additional file [5](#MOESM5){ref-type="media"}), suggesting a target preference for this fine structure, or their involvement in cell wall integration of new XXG structures. Expansin genes (MDP0000214811; MDP0000292477; MDP0000906812) expression was also correlated with that of one β-galactosidase (MDP0000416548). This observation suggests that galactosylation of XyG structure may be involved in the recognition of XyG/cellulose complex by expansin.

Two groups of β-galactosidases {#Sec14}
------------------------------

β-galactosidases are common highly active enzymes during apple development and particularly during the ripening stage \[[@CR6], [@CR19], [@CR25], [@CR39], [@CR40]\]. In the present study, 11 genes coding β-galactosidases were expressed during early apple development and had glycoside hydrolase 35 domain (GH35). They are similar to those identified in tomato and Japanese pear, but different from the *Arabidopsis* AtBGAL10 acting on xyloglucans \[[@CR84]\] (Additional file [7](#MOESM7){ref-type="media"}). In particular, 7 of these apple β-galactosidases were very similar to PpGAL5, PpGAL6, and PpGAL7 whose expression was at their highest in expanding fruit but decreased drastically upon the onset of ripening \[[@CR85]\]. These enzymes can potentially target several cell wall structures, such as AGP, pectic RGI galactan side-chains, xyloglucan or galactoglucomannans. The positive correlation of the 11 apple β-galactosidases expression pattern with galactose content (Fig. [3a](#Fig3){ref-type="fig"}, Additional file [5](#MOESM5){ref-type="media"}) suggests that RGI galactan side chains hydrolysis might not be their target unless these enzymes act also as transglycosylases as suggested by Franková and Fry \[[@CR86]\]. In such a case, these enzymes would have more complex functions in the remodelling of cell wall polysaccharides. They might control pectin and hemicellulose polysaccharides interactions with cellulose through the modulation of their side chains structure \[[@CR87]--[@CR89]\], or regulate remodelling enzymes such as XTH/XET by modifying XyG galactosylation \[[@CR90]--[@CR92]\]. In any case, these glycosidases appear central in the remodelling of cell wall along with cell expansion.

Three other β-galactosidase genes were observed preferentially expressed during apple ripening (Fig. [3a](#Fig3){ref-type="fig"}). These β-galactosidases gene expression profiles were weakly and negatively correlated with galactose content (Additional file [5](#MOESM5){ref-type="media"}). Two of them (MD0000416548 and MD0000127542) corresponded to the up regulated β-galactosidase genes (Mdβ-GAL1 and Mdβ-GAL2) during apple storage in controlled or regular atmosphere at 1 °C \[[@CR93]\]. Protein analysis showed that they were highly similar to the ripening specific pear proteins *PpGAL4* and *PpGAL1*, respectively (Additional file [7](#MOESM7){ref-type="media"}), which suggests that they may play similar roles in apple and pear ripening \[[@CR40], [@CR94], [@CR95]\] in pruning of RGI galactan side chains \[[@CR12], [@CR96]\]. Ripening-specific β-galactosidase gene expression has also been reported in tomato \[[@CR97]\] and down-regulation of one of them, TBG4, resulted in reduced fruit softening \[[@CR98]\].

These results emphasize the complexity of the β-galactosidase family which merits further studies to assess if it could be split into two groups, one principally acting on the regulation of cell wall polysaccharides and glycoproteins galactosylation, and another one mainly pruning pectin RGI side chains.

Potential others actors in cell wall dynamics {#Sec15}
---------------------------------------------

Peroxidases participate in a range of physiological processes \[[@CR99]\], such as cell wall degradation by cleaving polysaccharides bonds through the generation of reactive oxygen species (ROS) \[[@CR100]--[@CR104]\]. Genes encoding peroxidases were found mostly expressed during early apple development. Some of them had expression profiles correlated with those from proteins and enzymes involved in biosynthesis, remodelling and degradation of cell wall polysaccharides. These results support a role for these enzymes in cell development as reported for *Arabidospis* cell root elongation \[[@CR105]\] but their mechanism of action remains unclear. Indeed, beside polysaccharide degradation, certain ROS can inversely contribute to cell wall cross-linking and therefore limiting cell expansion \[[@CR106]\]. Results from this study suggest that the regulation of apoplastic ROS production is important for cell wall biosynthesis and modifications during apple development.

During fruit growth and ripening, changes of internal turgor pressure lead to modifications of tissue mechanical properties \[[@CR4], [@CR8], [@CR107]\]. Transporters have a major role in the regulation of turgor pressure by acting on apoplastic/cell solutes concentration and pH that affect osmotic pressure \[[@CR2], [@CR108], [@CR109]\]. As previously reported \[[@CR43], [@CR44]\], genes encoding ions and sugar transporters were found highly expressed during early developmental phases (Table [4](#Tab4){ref-type="table"}; Additional file [3](#MOESM3){ref-type="media"}). Their expression was highly correlated with genes involved in polysaccharides biosynthesis and degradation. Four genes encoding ion and sugar channels/transporters were preferentially expressed during apple ripening (Table [4](#Tab4){ref-type="table"}; Additional file [3](#MOESM3){ref-type="media"}) and correlated with genes related to pectin degradation (Additional file [4](#MOESM4){ref-type="media"}). These early and late expressed transporter genes require further studies with regard to their implication in the regulation of turgor pressure during fruit expansion and ripening. During ripening, apple softening is known to involve a decrease in cell turgor pressure \[[@CR8]\]. It would be of interest to assess the role of the hexose/sugar transporter genes expressed during late phases on the fate of the phloem downloaded sugars in the apoplast \[[@CR110]\] with regard to the change in water compartmentalization observed in ripening apples \[[@CR29]\]. Regulation of osmolytes concentration in ripening apples may contribute to changes in cell turgor pressure and loss of fruit firmness as proposed for grape berries \[[@CR111]\]. This mechanism concomitant with cell wall polysaccharide remodelling and degradation may also participate in the elaboration of different apple textures, such as those perceived as mealiness and meltiness.

Conclusion {#Sec16}
==========

In addition to known cell wall pectin changes during apple fruit development and cold storage, this study revealed changes in hemicellulose fine structure particularly during early fruit development. The associated characterization of the transcriptome highlighted genes potentially involved in hemicellulose metabolism and the changes observed. At the ripening stage, the low number of genes identified was more specific of pectin metabolism. This study also pointed to β-galactosidases whose roles during fruit growth and ripening remain to be characterized in regard to the targeted substrates and molecular function. Correlations observed between expression profiles from ion and sugar transporters, peroxidases and cell wall-related genes open the way to further studies on the interplay between cell wall assembly/disassembly mechanisms and cell turgor regulation during fruit development.

Materials and methods {#Sec17}
=====================

Plant material {#Sec18}
--------------

Eight hybrids (H074, H097, I016, I062, I095, V034, V083 and W029) from the 'HIVW' segregate population resulting from the cross between X3259 and X3263 done in our laboratory at INRA Angers \[[@CR112], [@CR113]\] were grown on 2 experimental plots (PH and P12) connected to the INRA laboratory at Bois l'Abbé domain (INRA, Angers). Fruits were collected from the middle and outside parts of the tree canopy at 60 and 110 days after flowering (DAF), and optimum maturity (Harvest, H). Skin colour and starch index (7--8) were used to evaluate fruit maturity at harvest \[[@CR114]\]. Fruit collected at optimum maturity were also stored in a cold room at 1 °C for 1 month (1 M) and 2 months (2 M) before sampling. For RNA extraction, outer cortex from 5 fruits was sampled and frozen in liquid nitrogen immediately after collection or after 24 h at room temperature for 1 M and 2 M samples. For biochemical analyses, the cortex tissue of one fruit from each genotype and each plot was sampled and frozen in liquid nitrogen immediately after collection or after 24 h at room temperature for 1 M and 2 M samples (three to five fruits frozen per genotype and per plot). Fruits were sampled in 2012 except 60 DAF and 110 DAF fruits from PH plot harvested in 2013. Fruit softening from harvest to 2 M was checked using an automated penetrometer (TA.XT.-PLUS, Stable Micro system) equipped with a 4 mm diameter convex probes as described by Galvez-Lopez et al. \[[@CR7]\] (Additional file [6](#MOESM6){ref-type="media"}).

Gene expression analyses {#Sec19}
------------------------

### RNA extraction, amplification and microarray hybridization {#Sec20}

Total RNAs were extracted using a CTAB extraction buffer from 3 g of frozen fruit flesh tissue ground in liquid nitrogen, as described in Nobile et al.*,* \[[@CR15]\] and Rienth et al.*,* \[[@CR115]\]. mRNAs were amplified, labelled and co-hybridized according to Celton et al.*,* \[[@CR36]\] as following: aRNAs were produced with Message AmpII aRNA amplification kit (Ambion) from 200 ng of total RNA. Then, 5 μg of each aRNAs were retrotranscribed and labelled with either Cyanine-3 or Cyanine-5 fluorescent dye (Interchim, Montluçon, France). Labelled samples were combined as 30 pmol for each dye and co-hybridized to the Nimblegen microarray AryANE v1.0 containing 135,000 60-mers oligonucleotide probes as described in Celton et al.*,* \[[@CR36]\]. Deva software (Nimblegen) was used to extract pair-data files from the scanned images, obtained using the MS200 microarray scanner (Roche Nimblegen).

Genotypes were associated in 4 pairs (I062/V083, V034/W029, H097/I095, I016/H074) for competitive hybridizations at each time point (60 DAF, 110 DAF, H, 1 M and 2 M). Two independent biological repeats were performed with fruits from PH or P12 plots and technical replicates with dye swap were included for a total of 38 arrays.

Statistical analysis of microarray data {#Sec21}
---------------------------------------

All statistical analyses were performed as described in Celton et al.*,* \[[@CR116]\] using R software \[[@CR117]\]. Briefly, for each intensity comparison data were normalized with the Lowess method between microarrays. Normalized intensity values were then subtracted from the background to provide an estimation of the transcript expression levels. A second normalization by the quantiles method was then performed on expression values from all comparisons using the normalize.quantiles function from the R package preprocessCore \[[@CR118]\] (Bioconductor project). Differential expression analyses between the different time points were carried out using the lmFit function and the Bayes moderated t test using the R package LIMMA \[[@CR119]\] from the Bioconductor project. Genes were considered differentially expressed if the *t*-test *P-*values of the samples were below 1 % between 60 DAF and 2 M. To determine number probes expressed, only signals from the most specific probes belonging to classes 1--3 were considered for subsequent analysis (96,120 probes) \[[@CR36]\].

The microarray data have been submitted to the Gene Expression Omnibus database (<http://www.ncbi.nlm.nih.gov/geo/>) under the accession number GSE64079.

RT-qPCR analyses {#Sec22}
----------------

cDNA synthesis and qPCR were performed on total-RNA samples used for the microarray experiment as described in Segonne-Mikol et al.*,* \[[@CR21]\]. Primers were designed for short and specific amplification of the microarray probe region from the selected sequences with Primer 3 plus software (<http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/>) (Additional file [2](#MOESM2){ref-type="media"}). Amplicons were sequenced once for each genotype to verify primer specificity. For each run, single product amplification was confirmed by melting curve analysis. The amplification efficiency was tested for each primer pairs using a dilution curve method over a 6 points dilution series (from 1.10^−1^ to 1.10^−6^) on a pool of cDNAs containing all genotypes and developmental stages included in the study. Primers pairs selected for further analysis have efficiency above 90 %. RT-qPCR was carried out for 7 genes at 2 different time points.

Based on the microarray results, three reference genes with similar expression level in all samples were selected to calculate a normalization factor: MDP0000645828 (GAPDH), MDP0000146514 and MDP0000207727 (respectively annotated as Protein prenylyltransferase superfamily protein and DC1 domain-containing protein). Relative expression level was calculated using the formula ∆Ct = (Ct~tag~-Ct~ref~) derived from the 2^−ΔΔ*C*^~T~ method, where Ct is the threshold cycle, tag is the target gene, and ref is the reference gene \[[@CR120]\] (Additional file [3](#MOESM3){ref-type="media"}).

Sequences analyses {#Sec23}
------------------

Apple genes annotation based on sequence similarity with *Arabidopsis thaliana* were retrieve from the Genome Database for Rosaceae (GDR, <https://www.rosaceae.org/>). Mapman gene ontology was used for functional classification and enrichment Wilcoxon test (*P*-value \< 0.05) \[[@CR121]\].

Hierarchical clustering of differentially expressed genes was performed with Genesis software ([http://www.aics.riken.jp/labs/cbrt/](http://www.riken.jp/TMS2012/cbp/en/research/software/genesis/index.html)) \[[@CR122]\] using the average linkage hierarchical clustering method as agglomeration rule, and the distance was the similarity between gene expression. Correlation between expression profiles from selected genes were carried out using the cor.test function and the Pearson's test using the R Stats package \[[@CR117]\]. The expression correlation between two genes was selected if *r* \>0.7 and *P*-value \<0.01. The gene networks were generated using Cytoscape software \[[@CR123]\].

Proteins annotations and predictions for sub-cellular localization were retrieve from the ProtAnnDB database (<http://www.polebio.scsv.ups-tlse.fr/ProtAnnDB/)> \[[@CR124]\]. Potential peroxidases sequences were also analyzed through PeroxiBase database (<http://peroxibase.toulouse.inra.fr/index.php>) \[[@CR125]\]. Proteins sequences multiple alignment were performed using Kalign tool (<http://msa.sbc.su.se/cgi-bin/msa.cgi>) with default parameters \[[@CR126]\]. All protein sequences were retrieve from GenBank (<http://www.ncbi.nlm.nih.gov/genbank/>).

Cell wall analyses {#Sec24}
------------------

### Enzymes {#Sec25}

Pectin lyase (PL) \[EC 4.2.2.10\] was purified from Peclyve (Lyven, France) \[[@CR127]\]. Rhamnogalacturonase (RG) \[EC 3.2.1.171\] was from *Aspergillus aculeatus* (Novozyme, Denmark). Endo-1,4-β-mannanase \[EC 3.2.1.78\] was from *Aspergillus niger* (E-BMANN Megazyme, Ireland). Endo-1,4-β-xylanase \[EC 3.2.1.8\] was from *Trichoderma viride* (E-XYTR1 Megazyme) and endo-β-glucanase \[EC 3.2.1.6\] was from *Trichoderma* sp. (E-CELTR Megazyme) and contained low activity towards xylan and glucomannan.

Preparation of cell wall material {#Sec26}
---------------------------------

A pool of the 8 genotypes at each date was realized by picking randomly one fruit per genotype, per date for each orchard. Each sample was cut and lyophilized. Each dried sample was reduced to a fine powder with a mortar and a pestle. Cell walls were prepared as alcohol insoluble material (AIM) using an automated solvent extractor (ASE™ 350, Thermo Scientific™ Dionex™) using 80 % ethanol at 100 °C during 15 min until the ethanol extract was free of soluble sugars. The AIM was dried at 40 °C under vacuum over P~2~O~5~. The AIM obtained was reduced in powder using a benchtop homogenizer (FastPrep, MP Biomedicals, USA) at a speed of 6.5 m.s^−1^ for 20 s.

AIM sugar composition {#Sec27}
---------------------

Cell wall neutral sugars content were identified and quantified from 5 mg AIM by sulfuric acid hydrolysis according to Hoebler et al.*,* \[[@CR128]\]. AIM was dispersed in 13 M sulfuric acid during 30 min at 30 °C under agitation and then hydrolyzed in 1 M sulfuric acid (2 h at 100 °C). Sugars were reduced to alditols with NaBH~4~ (100 mg mL^−1^, NH~3~ 3.7 N) during 1 h at 40 °C under agitation. Then alditols were acetylated using acetic anhydride and imidazole during 20 min at room temperature \[[@CR129]\]. Alditol acetates recovered in dichloromethane were analysed by GC (TRACE GC ULTRA, Thermo Scientific, USA) using TG-225MS column (Thermo Scientific, USA). Standard solution of sugars and inositol as an internal standard was used for calibration. Uronic acids content was quantified using the metahydroxydiphenyl colorimetric method \[[@CR94], [@CR97]\] with galacturonic acid as a standard.

AIM starch content {#Sec28}
------------------

To quantify starch content in cell wall material, AIM (10 mg) was incubated overnight at room temperature in 200 μL of MOPS (50 mM, pH7) followed by 5 min at 120 °C. Commercial thermostable α-amylase from *Bacillus licheniformis* (Megazyme, 3000 U mL^−1^) was added and the sample was incubated further for 6 min at 100 °C. After cooling, the sample was adjusted to pH 4.5 by addition of 400 μL of acetate buffer (200 mM, pH 4.5). It was further incubated for 30 min at 50 °C with commercial amyloglucosidase from *Aspergillus niger* (Megazyme, 3300 U mL^−1^). Glucose released was quantified in HPAEC-PAD using a CarboPac® PA1 column (4 mm × 250 mm, Thermo Scientific, USA), thermostated at 25 °C. An isocratic elution of 500 mM of NaOH was used at a flow rate 1 mL min^−1^. Rhamnose was used as an internal standard for calibration.

Methyl and acetyl esters quantification in AIM {#Sec29}
----------------------------------------------

Methyl and acetyl esters was quantified from 5 mg AIM as described in Levigne et al.*,* \[[@CR95]\]. Briefly, samples were saponified for 1 h at 4 °C in NaOH 1 N and CuSO~4~ 1 mg mL^−1^. After centrifugation (7400 g, 4 °C for 10 min), the supernatant was filtered (Alltech Maxi-Clean IC-H, Grace, USA) and analysed by HPLC with a C18 column (4 mm × 250 mm, 5 μm, Interchim, France), thermostated at 15 °C. An isocratic elution with 4 mM H~2~SO~4~ was used at a flow rate 1.0 mL min^−1^. Elution was monitored by differential refractometer (2414 refractive index detector, Waters, USA). Standard solution containing methanol, acetic acid and isopropanol as an internal standard was used for calibration. The degree of methylesterification (DM) of pectin was calculated as the number of moles of methanol per 100 moles of galacturonic acid (GalA).

AIM polysaccharide structure profiling by enzymatic degradations {#Sec30}
----------------------------------------------------------------

### Enzymatic degradations {#Sec31}

Pectin was partially removed from 5 mg AIM by deionized water (1 mL) at 40 °C under gentle agitation for 15 min followed by boiling for 10 min and centrifugation (15,300 *g*, 20 °C for 10 min). The supernatant was removed and the AIM pellet was suspended in deionized water (1 mL) and digested by a combination of pectin lyase and rhamnogalacturonase (0.12 U each) at 40 °C under gentle agitation for 3 h. After centrifugation (as above), the pellet was washed 3 times with 1 mL deionized water under agitation. Then sequential enzymatic digestion was applied on the pellet with endo-1,4-β-mannanase (10 U), endo-1,4-β-xylanase (25 U) and endo-β-glucanase (10 U) at 40 °C under gentle agitation for 17 h \[[@CR7]\] (Additional file [8](#MOESM8){ref-type="media"}). The three water washes between enzymatic degradations were discarded. All supernatants were boiled 10 min prior to filtration (0.45 μm filter; Millex-Hv, PVDF, Millipore, France) and analysis by MALDI-TOF MS. Three replicates were realized for biological sample.

Analysis of enzymatic degradation products {#Sec32}
------------------------------------------

The degradation products were analysed by mass spectrometry MALDI. Each supernatant was combined with the ionic liquid matrix N,N-dimethylaniline/2,5-dihydroxybenzoic (DMA/DHB) \[[@CR130]\] and dried on the MALDI polished steel plate. Three replicates were spotted per enzyme hydrolysate. MALDI-TOF MS analysis was performed in the positive mode on an Autoflex III (Bruker Daltonics, Germany) combined with a Smartbeam laser (355 nm, 1000 Hz). The instrument was externally calibrated using galactomannan oligomers (DP 3-9) of known mass. Spectra were recorded in the mass range m/z 500-3000. Ion masses and intensities were normalized on m/z 1085 (XXXG oligosaccharide), 731 (Hex4a1 oligosaccharide) and 655 (Pen3U1a1 oligosaccharide) for glucanase, mannanase and xylanase hydrolyzates, respectively. The nomenclature of xyloglucan was from Fry et al.*,* \[[@CR131]\] extended to acetyl esters groups noted as a, followed by the number of ester groups in the oligosaccharide. In the oligosaccharides, Hex refers to hexose, Pen refers to pentose, U refers to uronic acid (UA), and m to methyl esters. For each letter, the following figure corresponds to the number of residues or substituents in the oligosaccharide.

Statistical analysis {#Sec33}
--------------------

Principal component analyses were performed using the PCA function using the R Factominer package \[[@CR132]\]. Analysis of variances of chemical data was performed using the anova function on R Stats package \[[@CR117]\] and data were considered significantly different if *p* \< 0.0001.

The correlation analysis between biochemical and transcriptomic data sets was performed using cor function and the Pearson's test (*P*-value \<0.01) from the R Stats package \[[@CR117]\]. Expression data were grouped in three random pools and averaged (Pool1: V034, I062 and V083, Pool2: W029, I095 and H097, Pool3: H074 and I016), to match the three replicates available for biochemical data (Additional file [5](#MOESM5){ref-type="media"}).

Availability of supporting data {#Sec34}
-------------------------------

The datasets supporting the conclusions of this article are included within the article and its additional files. The microarray dataset supporting the conclusions of this article is available in the Gene Expression Omnibus repository, under the accession number GSE64079 (<http://www.ncbi.nlm.nih.gov/geo/>).

Additional files {#Sec35}
================

Additional file 1:Differentially expressed genes during apple development and ripening. Expression data for differentially expressed genes between 60DAF and 2 M, displaying similar expression patterns for the eight genotypes (H074, H097, I016, I062, I095, V034, V083, W029) in both plots (PH and P12). Genes relatively more expressed during early fruit development (60 and 110 DAF) or during fruit maturation and cold storage (H, 1 M and 2 M) were respectively grouped in cluster A and B. Five time points are 60 days after flowering (60 DAF), 110 days after flowering (110 DAF), harvest (H), 1 month and 2 months of cold storage (1 M and 2 M). (XLSX 4945 kb)Additional file 2:Validation of microarrays results by RT-qPCR. S2-A) List of primers used for RT-qPCR. S2-B) Validation of microarrays results by quantitative real-time PCR (qRT-PCR) between 60 days after flowering (60 DAF) and 2 months of cold storage (2 M) for 4 genotypes grown on plot PH or P12. The three last genes are the reference genes used to calculate a normalization factor. Ratios were calculated on the normalized data from microarray analysis (log2 ratio) and as normalized expression for qRT-PCR (Ct ratio). Correlations between qRT-PCR Ct ratios and microarray log2 ratios are shown, along with Pearson correlation coefficient. (XLSX 18 kb)Additional file 3:Cell wall related selected genes and proteins annotation. Selection of 115 genes potentially involved in the cell wall dynamic during apple development, maturation and cold storage. Gene annotation was deduced from sequence similarity with Arabidopsis genes (TAIR, MapMan). Protein annotation was search in ProtannDB, CAZy and Peroxibase data bases. CAZy annotations: glycosyl transferases (GT), glycosyl hydrolase (GH), polysaccharide lyase (PL), carbohydrate esterase (CE), auxiliary activity (AA). The sub-cellular localization of the deduced proteins was predicted using ProtAnnDB and Peroxibase databases. Number of protein transmembrane domains was search using tmhmm. (XLSX 154 kb)Additional file 4:Co-expression networks of clusters A and B. The distance between 2 genes corresponds to level of correlation, the more the genes expression profiles are correlated, the shorter is the distance. The colour code indicates the gene functional category according to the curated annotation (Additional file [3](#MOESM3){ref-type="media"}). (PPTX 731 kb)Additional file 5:Heatmap of data sets correlation. Heatmap of correlation between selected genes expression profiles and monosaccharide content of cell wall (%NSP) or oligosaccharides relative content in glucanase digest during apple development and ripening. Positive and negative correlations are respectively shown in red and blue colours. (XLSX 28 kb)Additional file 6:Fruit firmness evolution during cold storage. Fruit firmness was evaluated by penetrometry from harvest (H) to 2 months of cold storage (2 M). Assessment of firmness was performed on the opposite sides of each fruit in the blush and shaded regions. Force in Newtons (N) was measured at 7 mm of displacement. The bold and dash lines are respectively associated with plot PH and P12. (PPTX 81 kb)Additional file 7:Matrix of identity for β-galactosidase glycosyl hydrolase 35 domain and expansin DPBB and Pollen allergen domains. S7-A: matrix of identity for β-galactosidase glycosyl hydrolase 35 domains. S7-B: matrix of identity for expansin DPBB (double-psi beta-barrel) and Pollen allergen domains. (XLSX 26 kb)Additional file 8:Schema of treatments was applied on AIM. (PPTX 63 kb)

1 M

:   One month of cold storage

2 M

:   Two months of cold storage

AGP

:   Arabinogalactan protein

AIM

:   Alcohol insoluble material

Ara

:   Arabinose

Fuc

:   Fucose

AS

:   Antisense

CSLA

:   Cellulose synthase-like A

DAF

:   Days after flowering

DM

:   Degree of methylesterification

EXLA

:   Expansin-like A

EXLB

:   Expansin-like B

EXPA

:   α-expansin

EXPB

:   β-expansin

FLA

:   Fasciclin like arabinogalactan protein

Gal

:   Galactose

GalA

:   Acid galacturonic

GATL

:   Galacturonosyltransferase-like

GAUT

:   Galacturonosyltransferase

GAX

:   Glucuronoarabinoxylan

GgM

:   Galactoglucomannan

GH

:   Glycoside hydrolase

Glc

:   Glucose

GT

:   Glycosyltransferase

GUX

:   Glucuronoxylan

H

:   Harvest

HG

:   Homogalacturonan

HRGP

:   Hydroxyproline-rich glycoproteins

Man

:   Mannose

MTH

:   Mannan endotransglucosylase/hydrolase

NS

:   Neutral sugars

NSP

:   Non-starch polysaccharides

PG

:   Polygalacturonase

PME

:   Pectin methylesterase

PS

:   Pectin soluble

RGI

:   Rhamnogalacturonan I

RGII

:   Rhamnogalacturonan II

Rha

:   Rhamnose

ROS

:   Reactive oxygen species

UA

:   Uronic acids

WS

:   Water soluble

XTH

:   Xyloglucan endotransglucosylase/hydrolase

XyG

:   Xyloglucan

XyGos

:   Xyloglucan oligosaccharides

Xyl

:   Xylose
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